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Developmental Biology, Kobe, Japan; and §Japan Science and Technology Agency, CREST, Osaka, JapanABSTRACT Complex networks of interacting molecular components of living cells are responsible for many important
processes, such as signal processing and transduction. An important challenge is to understand how the individual properties
of these molecular interactions and biochemical transformations determine the system-level properties of biological functions.
Here, we address the issue of the accuracy of signal transduction performed by a bacterial chemotaxis system. The chemotaxis
sensitivity of bacteria to a chemoattractant gradient has been measured experimentally from bacterial aggregation in a chemo-
attractant-containing capillary. The observed precision of the chemotaxis depended on environmental conditions such as the
concentration and molecular makeup of the chemoattractant. In a quantitative model, we derived the chemotactic response
function, which is essential to describing the signal transduction process involved in bacterial chemotaxis. In the presence of
a gradient, an analytical solution is derived that reveals connections between the chemotaxis sensitivity and the characteristics
of the signaling system, such as reaction rates. These biochemical parameters are integrated into two system-level parameters:
one characterizes the efficiency of gradient sensing, and the other is related to the dynamic range of chemotaxis. Thus, our
approach explains how a particular signal transduction property affects the system-level performance of bacterial chemotaxis.
We further show that the two parameters can be derived from published experimental data from a capillary assay, which
successfully characterizes the performance of bacterial chemotaxis.INTRODUCTIONOne challenge in biology is to understand and predict
a system-level behavior (macroscopic) from complex regu-
latory interactions among the system’s components (micro-
scopic). For example, bacterial chemotaxis is a model
system that is well characterized from the molecular scale
to the system level both experimentally and theoretically.
In this system, the ambient chemosignal perceived by
a receptor is relayed from the histidine kinase CheA in the
receptor complex to the flagellar motor, a process that is
mediated by the response regulator CheY. The flagellar
motor drives the cell motion, which resembles a random
walk, alternating between the run, during which the bacte-
rium appears to swim smoothly, and the tumble, when the
bacterium appears to randomly change its swimming direc-
tion. The signaling system from the receptor to the flagellar
motor modulates the run frequency according to a temporal
change in the concentration of a chemoattractant along the
path of motion, leading to a biased random walk toward
the chemoattractant source (1). The temporal comparison
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(2,3). The issue that must be addressed is how the overall
performance of bacterial chemotaxis, such as chemotaxis
sensitivity to chemoattractant gradient and its dynamic
range, depends upon its underlying molecular mechanisms.
Chemotaxis performance depends on environmental
conditions, including the concentration and the steepness
of the chemoattractant gradient. The chemotaxis sensitivity
of bacteria has been measured in capillary assay experi-
ments for chemoattractants such as amino acids and sugars
(4,5). For a -methylaspartate (MeAsp), bacteria exhibit
chemotaxis in a wide range, from 100 pM to 100 mM,
with a maximum response at ~0.1 mM. The chemotaxis
sensitivity and the dynamic range of chemotaxis depend
on the type of chemoattractant present. However, in all
cases, the sensitivity curve exhibits a bell shape in relation
to the attractant concentration, with peak sensitivity at
a specific concentration (5,6). When the sensitivity curve
is plotted against the log of the attractant concentration,
the function appears symmetrical at the peak concentration,
which contradicts the asymmetrical accuracy function found
in eukaryotic chemotaxis (7,8).
The chemotactic response function, which describes the
signal transduction process of temporal concentration
comparisons, has been experimentally measured by moni-
toring the rotation direction of the flagellar motor stimulated
by an instantaneous chemoattractant pulse (3,9). Extensive
theoretical approaches and several important concepts
have been developed to explain the response function and
its resultant behaviors. The two-state model, the robusthttp://dx.doi.org/10.1016/j.bpj.2012.08.034
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FIGURE 1 Model of bacterial chemotaxis. (A) The receptor activity,
a(c,m), is dependent on the chemoattractant concentration, c(x), at position
x and the total methylation level, m(a,t), of the receptor at time t. The
tumbling rate of flagellar motor from counterclockwise (CCW) to clock-
wise (CW) rotation depends on the receptor activity, a. The change in the
swimming direction results in a change in the chemoattractant concentra-
tion, c, at the cell position. (B) The response function, R(t), derived from
our model, Eq. 5, plotted as a function of time t at c ¼ 0 mM. The param-
eter values are given in Table 1. (C) Schematics of the numerical simula-
tion. A bacterium starts from a random position in the one-dimensional
system of size W. Bacteria run with a constant velocity, vrun, and change
swimming direction randomly according to Eq. 4.
Sensitivity and Dynamic Range of Bacterial Chemotaxis 1391adaptation mechanism, and receptor cooperativities are
examples of such approaches (10–18). Several attempts
have been made to link the performance of chemotaxis to
the properties of the signal transduction pathway (19–22).
In particular, de Gennes (21) and Clark and Grant (22)
have shown the connection between chemotaxis perfor-
mance and the response function, giving rise to the question,
what properties of the signal transduction system (micro-
scopic) determine the performance of bacterial chemotactic
behavior (macroscopic)? It has been suggested that
the sensitivity curve depends on the fractional change in
the occupancy of receptors by ligands (5,6). However, the
performance of chemotaxis may also depend on down-
stream properties, such as adaptation kinetics, which have
been known to be responsible for gradient sensing. The
sensitivity curve may also be influenced by the signal
amplification mechanism, which exists at both the cluster
complexes of the receptors and the flagellar motor (23,24).
This article is a quantitative study of the chemotaxis sensi-
tivity of bacteria to a chemoattractant gradient, based on
a theoretical model of the microscopic signal transduction
pathway.
Here, we first introduce a bacterial chemotaxis model
based on receptor adaptation, receptor cooperativity, and
motility, from which the chemotactic response function is
derived. The chemotaxis sensitivity curve is obtained from
the response function, which can be characterized by two
system-level parameters: one characterizes the gradient-
sensing efficiency, and the other is related to the dynamic
range of chemotaxis. Subsequently, the theoretical curve is
applied to experimental data obtained from the published
literatures. Bacterial chemotaxis can be classified into
groups according to the obtained values of the two parame-
ters. Each group is associated with particular chemoattrac-
tant properties, such as different types of amino acids and
sugars. Properties of signal transduction, such as the adapta-
tion time, are also shown to affect chemotaxis performance.RESULTS AND DISCUSSION
The model of bacterial chemotaxis and the
response function
The primary focus of this article is to derive the expression
of chemotaxis sensitivity in terms of signaling pathway
properties. To this end, we investigated a quantitative model
including the molecular mechanisms of adaptation kinetics
and signal amplification and the motility of bacteria at
a coarse-grained level. The model consists of a chemosen-
sory system and its downstream flagellar motor system,
as shown in Fig. 1 A. For the signaling system, we adopt
the model introduced by Tu et al. (18), which captures
the essential characteristics of bacterial chemotaxis at the
system level, although this model may not account for the
detailed biochemistry. The chemosensory system isdescribed by the total kinase activity, a(t), of the receptor
complex, including CheA, and the total receptor methyla-
tion level at time t, m(t) (Fig. 1 A). The methylation level
of the receptor is determined by the balance between meth-
ylation and demethylation by the enzymes CheR and CheB,
which act on the inactive and active receptors, respectively
(12,25). Thus, the kinetic equation for methylation level
m(t) is given by dm/dt ¼ kR(1  a)  kBa where kR and
kB are the rates of methylation and demethylation, respec-
tively. By introducing the time constant tm ¼ k1R and
the receptor activity at steady state, a0 ¼ kR=ðkR þ kBÞ, the
evolution equation for m(t) is rewritten as
dm
dt
¼ t1m

1 a10 a

: (1)Hereafter, we consider that tm and a0 are the independent
parameters, which give kR and kB. Because the timescales of
chemoligand binding and kinase response are much faster
than the time constant of methylation kinetics, tm,
a quasi-steady-state approximation can be given for the
kinase activity, a(t) (18). Considering the allosteric model
of the receptor complex (11,15,16,18,26,27), the kinase
activity is given byBiophysical Journal 103(6) 1390–1399
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1þ kðmðtÞ; cðtÞÞ; (2)
where kðm; cÞ is the effective equilibrium constant between
the active and inactive states, dependent on m and the che-
moattractant concentration, c, that a bacterium senses.
Here, we use the function kðm; cÞ given by
kðm; cÞ ¼ eNaðm0mÞ

1þ c=KI
1þ c=KA
N
; (3)
where N is the number of receptors that cooperatively work
in a functional receptor complex; a and m0 are constants,
which can be estimated from the cheRcheB mutant with
different methylation levels (28); and KI and KA are the
dissociation constants of the ligands of the inactive and
active receptors, respectively (KI < KA). Because of the
slower time constant of methylation kinetics, tm, the meth-
ylation level m(t) works as a memory of the chemoattractant
concentration, which is essential for the temporal sens-
ing mechanism. A bacterium may change its direction of
motion when they are in the tumbling state. The tumbling
rate, Ptum(a), is regulated by the kinase activity, a(t), of
the chemosensory system, given by
PtumðaÞ ¼ t1runehða=a01Þ; (4)
where trun is the mean run duration in the absence of chemo-
attractant, and h is the Hill coefficient of the motor response
to the receptor activity (23,29). We suppose that bacteria
return to the run state immediately from the tumbling
state. We consider that the bacteria swim with a constant
velocity, vrun.
The response of a bacterium to an attractant stimulus can
be characterized quantitatively by the chemotactic response
function R(t), which is defined as the change in tumbling
frequency in response to a small impulse increase in the
chemoattractant concentration (3,9). The chemotactic
response function can be obtained from Eqs. 1–4 as
RðtÞ¼ hNð1 a0Þ KA  KIðKI þ cÞðKA þ cÞ

dðtÞ 1
ta
exp

 t
ta

;
(5)
where ta is the adaptation time, given by ta ¼ tm=
ðaNð1 a0ÞÞ, and dðtÞ is the Dirac delta function (see Sup-
porting Material for the detailed derivation). The response
function is plotted in Fig. 1 B.The analytical solution for chemotaxis sensitivity
The chemoattractant gradient induces a nonuniform proba-
bility distribution of bacteria. We consider that for
simplicity, bacteria move in a one-dimensional system ofBiophysical Journal 103(6) 1390–1399size W. When the position x in the system is measured in
the unit of system size W, the bacteria move in the area
0%x%W up and down the gradient. Bacteria change the
direction of motion with probability 0.5 when they are in
the tumbling state. The capillary with size rc is supposed
to be located at x ¼ 0, and cells can enter it in the range
0%x%rc. Thus, the chemoattractant concentration c(x) is
the highest at x ¼ 0 and decreases monotonically. The che-
moattractant gradient in the medium is approximately
stationary after a few tens of minutes, which last for >1 h,
according to the theoretical and experimental verification
by Weis et al. (30) and Futrelle and Berg (31). When
a cell reaches the boundary at x ¼ 0, the direction of motion
is reversed (reflection boundary condition). This setting is
essentially the same as the situation where the capillary is
located at the center of the system and a chemoattractant
gradient is produced around the center. Because the number
of bacteria in the capillary is considered to be much smaller
than the number outside of the capillary, we consider that
the number of cells sampled by the capillary is considered
to be proportional to the probability density, b(x), of bacteria
at around x ¼ 0, and the capillary does not disturb the
bacterial distribution in the medium. Thus, we consider
the bacterial probability density in the range 0%x%rc,
where the capillary is located (capillary region). Such
a probability is given by Pb ¼
R rc
0
dx bðxÞ. Because rc is
much smaller than the total area, i.e., rcW, the probability
Pb of the bacteria in the capillary can be approximately
given by Pb ¼ rcb(0). We define chemotaxis sensitivity, S,
as a fractional increase in Pb in the presence of a gradient
over that in the absence of a gradient, which is equal to
rc/W. Thus, it is written as
S ¼ Pb  rc=W
rc=W
zbð0ÞW  1: (6)
When chemotaxis is absent, S ¼ 0. Here, we consider the
distribution of a bacterial population at a steady state
(22,32).
The probability distribution b(x) at steady state can be
obtained by considering the balance of advection and
tumbling as
vrunVbðxÞ ¼ 0:5

PðxÞ  PþðxÞ bðxÞ; (7)
where Pþ (x) and P (x) are the tumbling rates of the
bacteria swimming up and down, respectively, the gradient
at x (22) (see also Supporting Material for details of the
derivation). The tumbling rate depends on the histories of
the individual paths, x(t). Following the approach by de
Gennes (21,22), the tumbling rate P[t; x(t)] at time t for
a given path x(t) is given by
P½t; xðtÞ ¼ 1
trun
0
@1
Z t
N
dt 0 Rðt  t 0Þcðxðt 0ÞÞ
1
A; (8)
 0
 5
 10
 15
 20
 25
10-2 10-1 100 101 102 103 104 105
S
ℓc
FIGURE 2 Dependence of the chemotaxis sensitivity, S, on the chemoat-
tractant concentration, c. The chemotaxis sensitivity calculated from the
stationary distribution of bacteria obtained by numerical simulations of
200,000 samples (open circles), the theoretical line, given by Eq. 13 (solid
Sensitivity and Dynamic Range of Bacterial Chemotaxis 1393where R(t) is the response function. Pþ (x) and P (x) are ob-
tained by averaging P[t; x(t)] over all possible paths up and
down, respectively, the gradient at x(t) (22). According to
Clark and Grant (22), if the gradient c(x) is approximately
linear in a distance that bacteriamove in a time interval larger
than ta and trun, P
(x) Pþ(x) in Eq. 7 can be calculated as
PðxÞ  PþðxÞ ¼ 2vrunVcðxÞ
RN
0
dt ðet=trun  1Þ RðtÞ. For
the derivation of this expression, according to Clark and
Grant (22), the effect of boundary was approximately ne-
glected (see Supporting Material for the detail derivation).
We will discuss the effect of boundary below. Eq. 7 can
then be rewritten as
VbðxÞ ¼ bðxÞVcðxÞ
ZN
0
dt

et=trun  1 RðtÞ: (9)
Here, we introduce the normalized attractant concentra-
tion with respect to the dissociation constant of the inactiveline) with the parameter values used in the simulation (Table 1), and the
approximation, given by Eq. 18 (dotted line), are plotted.
receptor, ‘ðxÞ ¼ cðxÞ=KI , with ‘c ¼ ‘ð0Þ and ‘m ¼ ‘ðWÞ.
Substituting the chemotactic response function, R(t), given
by Eq. 5 into Eq. 9, we obtain the probability density,
b(x). The probability density b(x) is written as
bðxÞ ¼ Q

1þ ‘ðxÞ
1þ ‘c
K þ ‘c
K þ ‘ðxÞ
E
; (10)
where Q is a normalization constant, K is a nondimensional
parameter given by the ratio K ¼ KA=KI , and E is another
nondimensional parameter given by
E ¼ hNð1 a0Þ

ta
trun þ ta

: (11)
Thus, the chemotaxis sensitivity, S, is given by
Sð‘cÞ ¼
0
@Z
1
0
dx

1þ ‘ðWxÞ
1þ ‘c
K þ ‘c
K þ ‘ðWxÞ
E1A
1
1; (12)
(see Supporting Material for the detailed derivation of S).
For a linear gradient, ‘ðxÞ ¼ ‘C  ‘Cð1 x1Þðx=WÞ, with
x ¼ ‘c=‘m, Eq. 12 can be rewritten as
Sð‘cÞ ¼
0
@Z
1
0
dx

1

1 x1‘c
1þ ‘c x


1

1 x1‘c
K þ ‘c x
E1A
1
1:
(13)
In Fig. 2, the plotted theoretical curve of the chemotaxis
sensitivity given by Eq. 13 (solid line) shows a characteristic
bell shape with a peak, as has been observed experimentally
(see Fig. 5) (5,6).We next compared the theoretical curve shown in Eq. 13
with a numerical simulation of the chemotaxis model
described above. For numerical simulations, we consider
the position, the methylation level, and the kinase activity
of a cell at time t, which are denoted by x(t), m(t), and
a(t), respectively. The equation of motion is given by
dx
dt
¼ vrunhðtÞ; (14)
dm ¼ t11 a1at; (15)
dt m 0
withaðtÞ ¼ 1
1þ kðmðtÞ; cðxðtÞÞÞ; (16)
where h ¼ 1 and 1, when moving up and down the
gradient, respectively. The tumbling rate is given by Eq. 4,
and it changes the direction of motion with probability
0.5. We calculated a sufficiently large number of bacterial
trajectories that start from uniform random initial position
with random orientation in a linear chemoattractant
gradient. When a bacterium reaches the system boundaries,
at x ¼ 0 and x ¼ W, the swimming direction is reversed
(reflection boundary condition). Therefore, in the numerical
simulation, the boundary condition was explicitly taken into
account. Then, we obtained the chemotaxis sensitivity, S, by
measuring the probability of bacteria present in the capillary
region. A summary of the parameters used in this simulation
is given in Table 1. In Fig. 2, the chemotaxis sensitivity, S, is
plotted against the logarithm of the attractant concentration
c(0) at the capillary (open circle), which showed a closeBiophysical Journal 103(6) 1390–1399
TABLE 1 Parameters used in a numerical simulation
Parameters Value Reference
tm Methylation time 100 s This work*
a0 Steady-state activity 1/3 (18,43)
N Receptor number in a cluster 6 (18)
a Constant 2 (18,28)
m0 Constant 1 (18,28)
KI Dissociation constant 1.8 mM (18)
KA Dissociation constant 300 mM (18)
trun Mean run duration 0.86 s (1)
y
vrun Swimming velocity 21.2 mm s
1 (1)y
h Hill coefficient of motor 10.3 (23)
W System size 105 mm This work
rc Capillary radius 10
3 (30)
x Gradient steepness 3.16 (5)z
*tmy10ta:
yFor AW405.
zFor AW518 toward MeAsp.
1394 Namba et al.agreement with the theoretical curve. In this condition, the
bacterial population reaches a stationary distribution. The
time necessary to reach the stationary distribution depends
on the adaptation time, ta, and the system size, W. When
W is ~5 mm, several tens of minutes is enough to reach it,
which is comparable to the experimental result shown in
Weis et al. (30). We will discuss the boundary effect later.The dependence of chemotaxis sensitivity on the
parameters E and K
As shown in Eq. 13, chemotaxis sensitivity, S, can be
characterized by the two nondimensional parameters of
the system properties, E and K, and the environmental
parameters x and ‘c. Here, we investigated the two system
parameters, E and K. The first parameter, E, given by Eq.
11, characterizes the efficiency of gradient sensing, which
consists of the signal amplification properties of both
the receptor and the flagellar motor and the characteristic
timescales, including the mean run duration, trun, and the
adaptation time, ta. As shown in Fig. 3 A, the chemotaxis
sensitivity increases as E increases. This result indicates
that the signal amplification at the receptor and the flagellar
motor contributes to increasing chemotaxis sensitivity.
Furthermore, the adaptation time should be long enough
to have a high chemotaxis sensitivity (33). 0
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Biophysical Journal 103(6) 1390–1399The second parameter, K, is given by the ratio of the
dissociation constants between the inactive and active
receptors. As shown in Fig. 3 B, chemotaxis sensitivity
increases as K increases. Because K is larger than unity,
the chemotaxis sensitivity increases as the difference be-
tween the two dissociation constants, KA and KI, increases.
Furthermore, as K increases, the dynamic range with respect
to the chemoattractant concentration increases.
By approximating the equilibrium constant between the
active and inactive states of a single kinase in a receptor
cluster complex in Eq. 3, the probability distribution, b(x),
can be rewritten as
bðxÞ ¼ Q

1þ fLð‘cÞ

‘ðxÞ
‘c
 1
E
; (17)
where fLð‘Þ ¼ ðK  1Þ‘=ðð1þ ‘ÞðK þ ‘ÞÞ (see Supporting
Material for the detailed derivation). From Eq. 17, we can
derive the sensitivity Sð‘cÞ, as in Eq. 12, which depends
on the chemoattractant concentration only through the func-
tion fLð‘cÞ. (Here, we consider that ‘ðxÞ=‘c is independent
of ‘c.) Because fL is symmetrical at
ﬃﬃﬃﬃ
K
p
in the logarithm
of the attractant concentration, chemotaxis sensitivity is
also approximately symmetrical. We note that this
symmetric property does not depend on the gradient ‘ðxÞ,
and can be seen for a nonlinear gradient, such as an expo-
nential gradient. In the case of a linear gradient, S is given by
Sð‘cÞ ¼
ðEþ 1Þ1 x1fLð‘cÞ
1 1 1 x1fLð‘cÞEþ1  1: (18)
For a step increase in chemoattractant concentration, if
we define gain g as the ratio between the fractional change
of the maximum run probability from its steady state value
and the fractional change in the chemoattractant concentra-
tion, then
g ¼ hNð1 a0ÞfLð‘Þ: (19)
Because the gain, g, is proportional to fL, it also shows the
same symmetric property. The dependence of S on E and K
shown in Fig. 3 is also seen from Eq. 18. Because the
denominator in Eq. 18 goes to unity for large E, the sensi-
tivity function, S, increases proportionally with E. Because 0
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 25
2 103 104 105
FIGURE 3 Dependence of chemotaxis sensi-
tivity, S, on the system parameters E and K. S is
indicated by color. (A) Dependence of S on E.
(B) Dependence of S on K. The maximum of S is
obtained approximately at ‘c ¼
ﬃﬃﬃﬃ
K
p
.
Sensitivity and Dynamic Range of Bacterial Chemotaxis 1395the sensitivity, S, depends on K through fLð‘Þ, S also
increases with K. Furthermore, the dynamic range of
chemotaxis increases roughly proportionally to K.
As shown above, chemotaxis sensitivity S increases with
adaptation time ta. We performed numerical simulations for
larger values of ta for different system sizeW (Fig. 4). Here,
the adaptation time, ta, can be changed by changing the
methylation time, tm, in Eq. 1, which only modulates ta.
The value of ta used in Fig. 2 was ~12.5. As the increase
of ta, the chemotaxis sensitivity, S, increased for all values
of W. However, for smaller W, for instance W ¼ 1 mm,
a further increase in ta led to a decrease in S. Thus, there
is an appropriate value of the adaptation time, ta. This
decrease in S may be intuitively obvious, because a cell
with a very large adaptation time is essentially the same
as a cell without adaptation. This result is also related to
the boundary effect, which was not taken into account in
the derivation of the average tumbling rate, P(x)  Pþ(x)
(see Supporting Material for the detailed derivation). As
W increases, the numerically obtained S approaches to the
theoretical line given by Eq. 13, indicating that the boundary
effect is negligible for large W. Because the adaptation is
essential for bacterial chemotaxis, we consider that in real
situations the adaptation time, ta, is not too large (33,34)
and Eq. 13 well approximates the chemotaxis sensitivity,
S, of bacteria.The system parameters E and K characterize
the capillary assay experiment
The chemotaxis sensitivity of Escherichia coli has been
measured in a capillary assay experiment (5). In this assay, 0
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FIGURE 4 Effect of adaptation time, ta, on the chemotaxis sensitivity, S.
The maximum value of chemotaxis sensitivity, S, over the attractant
concentration for a given adaptation time, ta, is plotted for different system
widths, W ¼ 1, 5, 10, 50, and 100 mm. The adaptation time, ta, was
changed by changing the methylation time, tm. The theoretical curve given
by Eq. 13 is also shown (solid line). The parameter values, except those of
tm andW, are indicated in Table 1. S shows a maximum value at a particular
adaptation time, which increases with the system width, W.a capillary containing an attractant is inserted into the liquid
medium in which the bacteria are swimming. The bacteria
migrate up this chemical gradient, and some of them enter
the capillary (5). The relative increase in the number of
bacteria in the capillary to the number in the absence of
gradient indicates the chemotaxis sensitivity, which has
been measured for different attractant concentrations in
the capillary, ‘c, and in the medium, ‘m, while keeping their
ratio, x ¼ ‘c=‘m, fixed (5) (in the case of Mesibov et al. (5),
x ¼ 3:16 or 100).
In Fig. 5 A, the experimental result of the capillary assay
for the chemoattractant MeAsp (5) is plotted against the
concentration in the capillary, which was compared with
our theoretical result given by Eq. 13 shown in Fig. 2. The
characteristics of the chemotaxis sensitivity obtained by
the capillary assay, such as the symmetrical shape, are
successfully reproduced by our theoretical line. The param-
eters estimated by a least-squares fitting method are given by
K ¼ 125.9, E ¼ 35.9 (parameter 1), and KI ¼ 21:0 mM. We
also calculated the characteristic parameters K and E for
the values used in the simulation (Table 1), which are
Ky167 and Ey38:5 (parameter 2). As shown in Fig. S3,
the values of K and E obtained by a fitting to simulation
data showed a good agreement with the values from the
formula, which guarantees the validity of our fitting.
Because these two sets of parameter values (parameters 1
and 2) were obtained independently from the macroscopic
capillary assay (parameter 1) and the microscopic pathway
kinetics (parameter 2), the agreement between them would
indicate that our theory captures some of the aspects of
bacterial chemotaxis.
Capillary assay experiments have been performed for
several chemoattractants by several groups (4–6,30,32,35–
38). We estimated the characteristic parameters E and K
for the experimental data, which are plotted in the scatter-
gram in Fig. 5 B for E. coli and in Fig. 5 C for Salmonella
typhimurium. The estimated parameters are shown in Table
S1 and Table S2. In the scattergram, the dependence of the
peak sensitivity on the parameters is also indicated by color.
We compared different kinds of aspartate: L-aspartate
(Fig. 5, B and C, black circles), D-aspartate (Fig. 5 B,
gray circle), and MeAsp (Fig. 5 B, white circles). For these
chemoattractants, the parameter values of E are distributed
between 101 and 102, whereas the parameter K shows a
strong dependence on the type of aspartate distributed
from 5 to 104. This result may indicate that because these
attractants bind to the same receptor and the same down-
stream system is used, the parameter value of E, which
consists of system properties such as adaptation and ampli-
fication, does not depend strongly on the attractants. On the
contrary, the large variation in K among the attractants
may be a result of different affinities of the same receptor
for different types of aspartate. The value of K is largest
for the L-aspartate. As mentioned above, the chemotaxis
dynamic range increases with K. Thus, E. coli shows theBiophysical Journal 103(6) 1390–1399
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FIGURE 5 Characterization of capillary assay experiments by our theory. (A) Experimental data points are from the capillary assay for MeAsp of Mesibov
et al. (5). The solid line is our theoretical curve with parameter values K ¼ 125.9, E ¼ 35.9, and KI ¼ 21:0 mM, and the number of bacteria accumulating in
capillary in the absence of attractant is 4,700. (B and C) The scattergram of two system parameters, E and K, of E. coli (B) and S. Typhimurium (C) for various
kinds of chemoattractants. The parameter values were estimated from experimental data for MeAsp (open circles) (5), L-aspartate (black circle)
(30,32,37,38), D-aspartate (gray circle) (30), L-serine (solid triangle) (35), L-glutamate (solid square) (6), and sugars (open diamond) (4,5,36–38). Colors
indicate the chemotaxis sensitivity, S, as shown in the color bar. For L-aspartate, the system parameters are estimated from two references (30,32). The differ-
ence in values might be attributed to the differences in strains and growth conditions. For MeAsp, the estimation was done for three different steepnesses of
gradient, which may result in the difference in the value of E. For steeper gradients, it may be necessary to take into account the deviation from a linear
gradient.
1396 Namba et al.largest dynamic range for L-aspartate, which is naturally
utilized by E. coli. When comparing L-amino acids, such
as L-aspartate (Fig. 5 B, black circles) and L-serine
(Fig. 5 B, black triangle), the changes in E and K between
L-aspartate and L-serine may reflect differences in the prop-
erties of the receptors Tar and Tsr, which bind L-aspartate
and L-serine, respectively.
In most cases, the parameter K for sugar chemotaxis
(Fig. 5, B and C, open diamonds) is smaller than that for
chemotaxis with L-amino acids, which describes a narrower
dynamic range for sugars than for L-amino acids. This differ-
ence in K between sugars and L-amino acids may reflect
the difference between the major receptors that directly
bind the amino acids and the minor receptors that can asso-
ciate sugars mediated by the binding proteins. The effective
dissociation constants between the ligands and the receptors
are strongly influenced by the number of binding proteins
(39). Thus, the indirect binding of the receptors with the
sugars may result in a reduction in the K of the effective
dissociation constants, leading to the narrow dynamic range.
Although the values ofK for sugars are small, their estimated
value may not be accurate because a smaller value of K can
be compensated for by a larger value of E when K is close
to unity. More data are necessary for correct estimations.
Chemotactic ability has also been compared among
mutants for the same chemoattractant. Mizuno et al. (40)
measured the sensitivity to aspartate and maltose of
E. coli strain MS5228 and S. typhimurium strain ST334,
both of which are introduced by the E. coli tar gene
(pNM17). These strains (MS5228 and ST334) have defects
in both the aspartate receptor, Tar, and the serine receptor,
Tsr. Thus, the responses to aspartate and maltose are
produced by the exogenous Tar of E. coli, which is intro-
duced by the plasmid pNM17. S. typhimurium with the
E. coli tar gene was shown to have a higher chemotaxisBiophysical Journal 103(6) 1390–1399sensitivity with aspartate but a lower sensitivity with
maltose than E. coli (40). Mizuno et al. measured the adap-
tation time to the step stimulus of each attractant, showing
that the adaptation time is different for each stimulus.
According to our theoretical result, sensitivity increases
with adaptation time. According to Mizuno et al. (40),
species with longer adaptation times exhibited higher
chemotaxis sensitivity. Assuming that the other properties
are roughly the same, because the Tar receptor is expressed
from the same plasmid derived from E. coli tar, our theory
is consistent with the experimental results of these authors.The influence of the methylation and
demethylation reactions of receptor complex
on the chemotaxis sensitivity, S
More recently, a capillary assay was performed by quantita-
tively changing the expression level of methyltransferase
CheR (41). In that experiment, the chemotaxis sensitivity
was maximized at the CheR expression level of a wild-
type cell. In our theory, the chemotaxis sensitivity depends
on the methylation parameters, such as the CheR concen-
tration, through a0 and ta as a0 ¼ kRðkR þ kBÞ1 and
ta ¼ ðaNÞ1ðk1R þ k1B Þ. Thus, the decrease of kR contrib-
utes to increase the parameter E by both increasing ta and
decreasing a0. In Eq. 11, a0, ta, and trun depend on the
concentration of CheR as shown in Eqs. S11, S12, and
S15. By substituting these equations into Eq. 11, we repro-
duced the dependence of the chemotaxis sensitivity on the
level of CheR with a peak at the wild-type condition
(Fig. 6, solid line). When the relative CheR expression level
is larger than unity, the decrease in chemotaxis sensitivity
can be explained by the change in ta and a0 in Eq. 11, which
is a result of an increased methylation rate, kR, in Eq. 1
(Fig. 6, dotted line).
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FIGURE 6 Dependence of chemotaxis sensitivity, S, on the level of
methyltransferase CheR. The points with error bars (standard error) are
the experimental data adopted from Park et al. (41). The solid line repre-
sents the theoretical dependence of S on the level of CheR through a0,
trun, and ta. For the wild-type cell, a0 ¼ 0.5, trun ¼ 1:0, and ta ¼ 10:0.
The dotted line represents the theoretical dependence of S on the level of
CheR only through the change in the methylation rate, kR.
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In this article, we theoretically derived chemotaxis sensi-
tivity S and clarified its relationship with the properties of
the chemotaxis signal transduction system. We found that
chemotaxis sensitivity S can be characterized by two nondi-
mensional parameters, the efficiency of gradient sensing (E)
and the dynamic range of chemotaxis (K). Chemotaxis
sensitivity S increases withE, which increases with the signal
gain, g, and the adaptation time, ta. In our model, the gain,
g, given by Eq. 19 is proportional to the relative change in
the occupancy of the receptors by ligands; thus, the chemo-
taxis sensitivity, S, increases with g, as suggested byMesibov
et al. (5) and Brown et al. (6). According to the dependence
of S on K, the two functional states of the receptor, i.e., the
active and inactive states, give rise to the wide dynamic
range of bacterial chemotaxis. The multiple methylation of
the receptor may effectively increase K, which further
increases the dynamic range. By comparing the published
experimental reports with our theoretical results, the proper-
ties of the major and minor receptors can be characterized by
K, which results in a change in S. We also showed that the
changes in S in some mutants are caused by the differences
in the time constants of the adaptation and the mean run
time. To further connect the properties of the signal transduc-
tion system to the performance of chemotaxis, such as the
rate of methylation and receptor clustering, we need to
measure the response function and perform capillary assay
experiments for many recently generated kinds of mutants.
Our present approach, based on recent theories and ex-
periments, is advantageous for analytical investigation. The
response function, derived analytically, is a key to connect
microscopic properties of signaling processes to macro-
scopic chemotaxis sensitivity.The considered model is based on several simplifications.
One simplification is present in the model of the signal
transduction system. The theoretical response function
derived from the model showed a deviation from the exper-
imentally obtained response function (3). The more detailed
properties of signal transduction reactions may be necessary
to completely explain the experimental response function.
However, the approach presented here may also be appli-
cable to such detailed models. Another simplification is
that the chemoattractant gradient is stationary in time and
linear in space. This simplification can be overcome both
theoretically and experimentally. Extending this theory to
2- and 3-dimensional systems may also be the problem of
future studies.
For the estimation of the system parameters E and K, we
used a linear gradient approximation. When a gradient is
shallow, such an approximation is applicable. As demon-
strated in Weis et al. (30) and Futrelle and Berg (31), the
concentration decreases rapidly around the mouth of the
capillary, and then it decays shallowly in the medium. There-
fore, bacteria are considered to swim in a shallow gradient in
the medium, which can be approximately linear. However,
the approximated gradient may be shallower than the linear
gradient characterized by x ¼ ‘c=‘m. This implies that with
the linear gradient approximation we may underestimate
the value of E. It can be also seen in Eq. 18 that the value
of E increases with the decrease of x for the same sensitivity
S. In contrast, the change in x does not affect the estimation
of K, because in Eq. 18, the sensitivity S depends on K as
well as ‘c only through fLð‘cÞ, and fLð‘cÞ does not depend
on x. (Because in most cases the denominator in the first
term on the right-hand side in Eq. 18 is almost unity with
a larger value of E, we consider only the numerator.) Finally,
because the effect of the linear approximation is present
irrespective of the type of ligand and bacterial strain, we
consider that our approximation does not change the relative
positions of different experiments in the diagram shown in
Fig. 5, B and C.
By linking bacterial chemotactic phenomena and the
complex interactions of signal transduction in the temporal
sensing mechanism of chemotaxis, chemotaxis sensitivity
is derived from the response function. Thus, the symmetrical
shape of the chemotaxis sensitivity function in the
logarithmic plot of the concentration can be considered
a consequence of the temporal sensing mechanism and
a particular dependence of the response function on the
attractant concentration. The symmetrical property is robust
against the effect of the stochasticity of receptor reactions,
even though the stochasticity may modulate some of the
characteristics of adaptation kinetics (42). This contrasts
with the sensitivity of eukaryotic chemotaxis (accuracy
of chemotaxis), which shows the asymmetrical shape. In
particular, in the low concentration of chemoattractant,
the sensitivity of bacterial chemotaxis increases linearly
with the concentration, whereas in the eukaryoticBiophysical Journal 103(6) 1390–1399
1398 Namba et al.chemotaxis the sensitivity increases with the square root of
the concentration. Because the eukaryotic chemotaxis
depends on the spatial sensing mechanism, in which cells
may spatially compare the differences in the concentrations,
the increase in the concentration decreases the relative
variation in the concentration difference, which is propor-
tional to the inverse of the square root of the concentration
(8). In contrast, in the bacterial chemotaxis, the response
function determines the dependence of the sensitivity on
the concentration. This difference in the sensingmechanisms
results in the difference in the shape of the sensitivity curve.
The macroscopic properties have been quantitatively
characterized by capillary assay experiments for various
strains and chemoattractants. To explain the molecular
mechanism of bacterial chemotaxis, quantitative descrip-
tions have been performed on the microscopic pathway
kinetics of the signal amplifications in the receptor complex
and the flagellar motor, the time constants of adaptation
kinetics and tumbling (motor), and the dissociation con-
stants of receptors. These properties have been conceptually
linked, but not quantitatively integrated. In this article, we
establish the connection between the microscopic pathway
kinetics and the macroscopic chemotaxis sensitivity and
wide dynamic range. We believe that a similar approach
may also be applicable to other systems to establish their
integrative understandings.APPENDIX: ESTIMATING THE SYSTEM
PARAMETERS E AND K
To estimate the parameters, we first obtained the number, n(c), of bacteria
accumulated in the capillary at the chemoattractant concentration c from
figures in published articles. Then, n(c) was fitted by
nðcÞ ¼ n0
0
BBBB@
Z1
0
dx
0
BBB@
1

1 x1c
KI þ c x
1

1 x1c
KIK þ c x
1
CCCA
E
1
CCCCA
1
; (20)
where n0 is the number of bacteriawhen there is no chemoattractant gradient.
The parameters E, K and K are estimated using a nonlinear least-squaresI
method using the Levenberg-Marquardt algorithm implemented in
the GNU Scientific Library (www.gnu.org/software/gsl/). To obtained the
numerical value of Eq. 20, we used the Simpson integration rule. The
number, n0, was also estimated, unless it was shown in the literature. The ob-
tained values were shown in Table S1 and Table S2, and the fitted curves
using the estimated parameter values were shown with the experimental
data in Fig. S1 and Fig. S2. In Fig. S3, we also applied the same fitting proce-
dure to the simulation data shown in Fig. 2. The estimated values were E ¼
37.8 and K ¼ 173.59, which are approximately the same as the values
directly obtained from simulation parameters (E ¼ 38.5 and K ¼ 166.7).SUPPORTING MATERIAL
Two tables, three figures, Supporting Theory Derivation, and references
(44–45) are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(12)00930-7.Biophysical Journal 103(6) 1390–1399We thank Drs. Akinori Awazu, Shuji Ishihara, Ikuro Kawagishi, Yoshiyuki
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